Recently, a cholinergic neural vasodilative response in the cerebral cortex and hippocampus, independent of metabolic vasodilation, was demonstrated when cholinergic neurons originating in the nucleus basalis of Meynert (NBM) and septal complex in the basal forebrain and projecting to the cortex and hippocampus were activated (see reviews by Sato and Sato [1, 2] ). Both muscarinic and nicotinic acetylcholine receptors in the cerebral cortex and mainly nicotinic acetylcholine receptors (nAChRs) in the hippocampus have been shown to be involved in basal forebrainstimulation-induced cholinergic vasodilation in the cortex [3, 4] and hippocampus [4, 5] . Recently, Uchida et al. [6] demonstrated that intravenously injected nicotine induced an increase in cortical blood flow (BF) by activating nAChRs in the parenchyma of the brain, but not in the endothelial cells on the side of the blood vessel lumen.
of neurons in the CA1 region of the hippocampus following transient ischemia in animals, termed "delayed neuronal death," has been extensively studied since Kirino [7] and Pulsinelli et al. [8] originally found it.
These findings of neural vasodilation and ischemiainduced delayed death of neurons may suggest that an increase in hippocampal BF (Hpc-BF) induced by activation of the intracranial cholinergic vasodilative system can protect against delayed neuronal death in the hippocampus. Thus in the present study we aimed to examine whether an increase in the Hpc-BF following stimulation of the nAChRs by I.V. injection of nicotine, a nAChR agonist, could influence or possibly reduce delayed death of the hippocampal neurons in rats.
A transient but continuous occlusion of blood vessels has been employed in the study of delayed neuronal death of the hippocampus. However, we employed intermittently repeated transient occlusion to find a less ischemic effect on neuronal delayed death. Thus the first purpose of the present study was to establish a Wistar rat model of intermittently repeated transient occlusion of bilateral carotid arteries besides permanent ligation of bilateral vertebral arteries to produce delayed neuronal death just severe enough in the hippocampus. The second purpose was to examine whether nicotine per se actually increased Hpc-BF as found in cortical BF by Uchida et al. [6] . After we showed a nicotine-induced increase in Hpc-BF, independent of systemic arterial blood pressure, we then proceeded to our third and main purpose, which was to examine whether a nicotine-induced increase in Hpc-BF could protect against delayed neuronal death in the hippocampus following intermittent transient ischemia.
MATERIALS AND METHODS
The experiments were performed on 162 adult (4 to 8 months old) male Wistar rats (bw, 300-410 g). The rats were provided by the animal breeding farm at the Tokyo Metropolitan Institute of Gerontology. They were maintained on a 12-h light/12-h dark photo period in an ambient temperature of 22Ϯ2°C. The animals were fed laboratory food with water ad libitum. Of 162 rats, 30 were used for acute measurement of Hpc-BF, and 132 were used for histological study. Of 132 rats used for histological study, 122 were used for chronic experiments of delayed neuronal death following intermittent transient ischemia, and the other 10 rats without any operation were used as the controls. The animals fasted the night before the experiment, but were allowed free access to tap water.
General surgery and anesthesia. The animals were anesthetized with halothane. The concentration of halothane was 3.5% during the induction of anesthesia, and it was then reduced to 1.2% during the surgery and experiments. The trachea was either cannulated (in acute experiments for measurement of Hpc-BF) or intubated (in chronic experiments for histological study), and respiration was maintained by using an artificial respirator (SN-480-7, Shinano, Tokyo). The end-tidal CO 2 and O 2 concentrations, monitored with a gas monitor (1H26, NEC San-ei, Tokyo), were kept at about 4 and 16%, respectively, by changing the ventilatory frequency (60-90 times/min) with ventilation volume at 2.5 ml. Rectal temperature, monitored by a thermistor, was maintained at close to 37.5°C by using a feedback-controlled heating pad and lamp (ATB-1100, Nihon Kohden, Tokyo). The temperature of the head skin monitored by a needle-type thermistor (MGA-III, Nihon Kohden) was maintained at 36.5-37.5°C. A femoral vein was cannulated for an intravenous injection of nicotine and other necessary solutions. In acute experiments with blood flow measurement, a femoral artery was cannulated for measuring systemic mean arterial pressure (MAP).
Intermittent transient cerebral ischemia. Intermittent transient cerebral ischemia was performed by occluding 4 major arteries supplying the brain, i.e., the bilateral vertebral and common carotid arteries, modifying the original method by Pulsinelli and Brierley [9] , as follows. After a ventral midline cervical incision, bilateral vertebral arteries close to the 6th cervical vertebra before entering into the vertebral bone were permanently ligated, and bilateral common carotid arteries were prepared for a cotton thread loop. An intermittent transient occlusion of bilateral common carotid arteries was performed by pulling the threads for these arteries to produce ischemia. Each transient occlusion of these arteries lasted for 2 min. Transient occlusion was repeated 2 to 4 times. The interval between 2 occlusions was 2 min.
In chronic experiments, immediately after the end of the intermittent transient ischemia, halothane anesthesia was removed. Animals resumed spontaneous respiration and were disconnected from the respirator. Antibiotic (viccillin 50 mg/kg, I.M.) was administered. The rats were then placed in a chamber at 29-30°C until they regained consciousness. After awakening, the animals were housed at an ambient temperature of 24-26°C and fed laboratory food with water ad libitum. In chronic experiments, 12 out of 122 rats subjected to ischemia died within a day as a result of neurogenic pulmonary edema [10] . These animals were excluded from the present study. In the other 110 rats, no motor abnormalities, such as seizures, rolling, or circling, were noted during the 3-to 7-d survival period following the ischemic insults.
Measurement of Hpc-BF. In the 30 acute experiments, Hpc-BF was measured by using laser Doppler flowmetry as described previously [3, 5, 11] . The rat's head was fixed on a stereotaxic instrument (SR-5, Narishige, Tokyo) in a prone position. After craniotomy, a recording probe (diameter, 0.8 mm) of a laser Doppler flowmeter (ALF 21D, Advance, Tokyo) was stereotaxically inserted into the dorsal hippocampus to measure the Hpc-BF within a depth of about 1 mm just below the recording probe. The stereotaxic coordinates of the recording probe, using Paxinos and Watson's atlas [12] , were as follows: 3.3 mm posterior to the bregma, 1.4 mm lateral to the midline, and 2.4 mm vertical under the bregma.
The Hpc-BF, expressed in mV from the output of the laser Doppler flowmeter, was continuously recorded on a polygraph (RM-6000, Nihon Kohden, Tokyo).
Histological study. Three, 4, 5, or 7 d after the transient ischemia described above, the rats were reanesthetized with pentobarbital and perfused transcardially with heparinized saline followed by 10% formalin in 0.1 M phosphate buffer at pH 7.4. The brains were left in situ for at least 2 h at 4°C, then removed and cut coronally into 3-mm-thick slices, then stored in the fixative at a room temperature of 24-26°C for about 4 h. The specimens were embedded in paraffin. Besides the chronic rats noted above, 10 normal rats without any operation were subjected to brain slice preparation in the same manner as that of the chronic preparation for a control.
Cross-sections of the brain were cut at 6 m thickness. Brain sections were either stained with hematoxylin and eosin (HE) or immunohistochemically stained with antiserum to glial fibrillary acidic protein (GFAP) (DAKO, USA) to identify astrocytes. The dorsal hippocampus, 3.3 mm posterior to the bregma, was selected as a representative area for CA1 neurons, and its 6-m-thick coronal slices were used for counting neurons by using a microscope (Olympus, AH-2, Tokyo) at a magnification of 400ϫ. The medial and lateral borders of the CA1 region are shown in Fig. 2G .
We classified and counted all CA1 neurons undamaged histologically at bilateral sites shown in Fig. 2G , as described by Buchan et al. [13] . The undamaged neurons were isolated from damaged neurons histologically, showing a shrunken appearance with eosinophilic cytoplasm and dark, pyknotic stained nu-clei, as described by Brown and Brierley [14] .
Drug administration. Nicotine (Tokyo Kasei Kogyo, Tokyo) was diluted in saline to final doses of 10, 30, 100, and 300 g/kg body weight. Saline or nicotine was injected slowly (taking about 1 min) through a femoral vein 5 min before the start of the intermittent transient occlusion of bilateral common carotid arteries.
Statistical analysis. All values are given as meansϮSD. Comparisons were made by using the Mann-Whitney U test, the Student's t-test, or one-way repeated ANOVA followed by Dunnett's multiple comparison tests.
RESULTS

The effect of intermittent transient occlusion of bilateral common carotid arteries besides permanent ligation of bilateral vertebral arteries on blood flow in the hippocampus
Bilateral vertebral arteries were permanently ligated at the beginning of the experiment; then transient occlusion of bilateral carotid arteries was intermittently repeated 2 to 4 times to observe any influence on Hpc-BF. Ligation of bilateral vertebral arteries per se did not significantly affect Hpc-BF or MAP. Figure 1A -F shows typical sample recordings of Hpc-BF (A-C) and MAP (D-F) in response to a transient occlusion of 2-min duration, repeated twice (A, D), 3 times (B, E), and 4 times (C, F) for a total of 4, 6, and 8 min, respectively. Hpc-BF markedly decreased during a transient occlusion of bilateral common carotid arteries for 2 min. Hpc-BF started to decrease rapidly within a second after the onset of occlusion and nearly reached maximum decrease within 20 s, and the maximum decrease was maintained until the removal of the transient occlusion. This decrease in Hpc-BF was reproducible when the occlusion was intermittently repeated 2 to 4 times with an interval of 2 min. Responses almost identical to the first response were produced by the 2nd, 3rd, and 4th repeated transient occlusions. The decreased Hpc-BF during occlusion reached approximately 15% of the control Hpc-BF before occlusion. Following the removal of occlusion, the decrease in Hpc-BF during occlusion reversed to a rebound increase beyond the control level, reaching about 180% after the end of occlusion, and remained at the increased level for another 5-10 min before recovering. This rebound increase in Hpc-BF was replaced by a later decrease in Hpc-BF, reaching about 70% of the control and lasting for 30 to 50 min, and then the decreased Hpc-BF returned to the control, taking about 1 h. Another repeated occlusion pro-duced a decrease in Hpc-BF during occlusion identical to that produced by the first occlusion. The increase in Hpc-BF after the removal of occlusion was identically reproduced following the repeated occlusion.
MAP increased approximately 50 mmHg during the occlusion, and returned to the control level after the removal of occlusion. This MAP response was reproducible during the 2nd, 3rd, and 4th intermittent occlusions, and MAP was stabilized at the control level within a few minutes after the removal of occlusion.
Both Hpc-BF and MAP responses to intermittently repeated transient occlusion of common carotid arteries, twice (4 min occlusion in total), 3 times (6 min in total), and 4 times (8 min in total) in all 10 rats tested were essentially the same as summarized in Fig. 1H and J. The decreased Hpc-BF during occlusion for a total of 4, 6, and 8 min (as noted above), calculated as shown in Fig. 1G upper trace, were 16.4Ϯ1.6, 16.4Ϯ1.6, and 17.2Ϯ2.0% of the control, respectively, as shown in Fig. 1H . The maximal rebound increases in Hpc-BF after the removal of occlusion reached from 143 to 226%, and other late decreases in Hpc-BF reached from 65 to 88% of the control. The increased MAP during occlusion for a total of 4, 6, and 8 min, calculated as shown in Fig. 1G lower trace, were 152Ϯ16, 150Ϯ24, and 135Ϯ13% of the control, respectively, as summarized in Fig. 1J .
The effect of intermittent transient occlusion of bilateral common carotid arteries besides permanent ligation of bilateral vertebral arteries on neurons in the hippocampus
Bilateral vertebral arteries were permanently ligated at the beginning of experiments, and transient occlusion of bilateral carotid arteries was then intermittently repeated to observe any influence on the neurons in the hippocampal CA1 region. Figure 2A -F shows representative histological pictures of neurons in the hippocampal CA1 region by coronal sections taken on the 3rd, 5th, and 7th days after intermittent occlusion of 2 min duration, twice for a total of 4 min (A-C) and 3 times for a total of 6 min (D-F). An occlusion for 4 min produced no apparent damage to neurons on the 3rd, 5th, or 7th day ( Fig. 2A-C) , whereas occlusion for 6 min produced diffuse damage to CA1 neurons ( Fig. 2D-F) . Figure 2G shows diagrammatically the CA1 regions used for counting neurons. Figure 2H summarizes the numbers of neurons undamaged in one coronal section (6 m thickness) of the bilateral hippocampal CA1 region (1) in the con-Japanese Journal of Physiology Vol. 50, No. 6, 2000 F. KAGITANI et al. trol rats without occlusion, and (2) in the rats tested on the 3rd, 4th, 5th, and 7th days after occlusion for a total of 4, 6, and 8 min. The numbers of neurons undamaged in the control rats were 848Ϯ86 (nϭ10) (Fig. 2H, open circle) . Occlusion for a total of 4 min did not significantly affect the numbers of neurons undamaged in any of the preparations on the 3rd, 5th, or 7th day after occlusion (Fig. 2H, closed circles) .
An occlusion for a total of 6 min significantly reduced the numbers of CA1 neurons undamaged day dependently (Fig. 2H, triangles) . The numbers of neurons undamaged were 694Ϯ186 (nϭ6) on the 3rd day, 225Ϯ165 (nϭ6) on the 4th day, 233Ϯ90 (nϭ10) on the 5th day, and 201Ϯ106 (nϭ10) on the 7th day. The decrease in neurons undamaged on the 3rd day was smaller than those on the 4th, 5th, or 7th days. No significant differences were found among the numbers of neurons undamaged on the 4th, 5th, and 7th days, indicating a stabilization of the damage to CA1 neurons 4-7 d after the occlusion of a total of 6 min. Following an occlusion for a total of 8 min, the numbers of remaining CA1 neurons undamaged were much lower than observed following a 6-min occlusion, e.g., 374Ϯ169 (nϭ8) on the 3rd day, reduced to 118Ϯ74 (nϭ8) on the 4th day ( Fig. 2H, closed squares) .
We used a total of 6 min of intermittent occlusion and waited for 5 or 7 d after occlusion in the subsequent experiments to verify the effect of nicotine-induced change in Hpc-BF on CA1 neurons following occlusion. Figure 3 shows typical recordings (A-D) and summarized results (E-H) of responses of Hpc-BF in the dorsal hippocampus and MAP following I.V. injections of nicotine at doses of 10, 30, 100, and 300 g/ kg in anesthetized rats in a resting state.
Effect of nicotine on Hpc-BF in a resting state
Ten micrograms per kilogram of nicotine had no effect on Hpc-BF or MAP ( Fig. 3A and E) . Thirty micrograms per kilogram of nicotine increased Hpc-BF, and MAP was not affected (Fig. 3B and F) . Hpc-BF increased significantly from 1 to 6 min after the injection, reached 105Ϯ2% of the control at 2 min after the injection, then gradually returned to the preinjection control level.
One hundred micrograms per kilogram of nicotine started to increase Hpc-BF within 30 s after the start of the injection, and the maximum increase appeared at about 2 min, reaching 115Ϯ7% of the control (Fig.  3C and G) . The increase was larger than that of 30 g/ kg of nicotine. Hpc-BF increased significantly from 1 to 6 min after the injection, then gradually returned to the preinjection control level. MAP was increased by about 20 mmHg, starting within 30 s after the injec-tion, and a significant increase lasted until 2 min after the injection before returning to the control level. Hpc-BF was increased for about 4 min longer than MAP.
Three hundred micrograms per kilogram of nicotine increased Hpc-BF. The maximum response was at about 2 min, reaching 121Ϯ8% of the control, and a significant increase in Hpc-BF lasted until 5 min after injection before returning to the control level. MAP was increased by about 35 mmHg, and a significant increase lasted until 9 min after the injection before returning to the control level ( Fig. 3D and H) .
The effect of I.V. injection of nicotine on Hpc-BF during intermittent transient occlusion of bilateral common carotid arteries besides permanent ligation of bilateral vertebral arteries
We used 10, 30, and 100 g/kg of nicotine, which produced no MAP response or only a minor increase in MAP, to examine how nicotine affects the reduction in Hpc-BF during intermittently repeated transient occlusion of bilateral common carotid arteries besides permanent ligation of bilateral vertebral arteries. saline (A and C) or 100 g/kg of nicotine (B and D) 5 min before occlusion. Nicotine 100 g/kg I.V., which increased the resting level of Hpc-BF, attenuated the decrease in Hpc-BF obtained during occlusion, as shown in Fig. 4B , but did not affect MAP pressor response (Fig. 4D) . Figure 4E and F summarizes the effects of I.V. injection of saline or 10, 30, and 100 g/kg nicotine on decreased Hpc-BF and increased MAP during 3 repeated occlusions of bilateral common carotid arteries for a total of 6 min, calculated as shown in Fig. 1G . Decreased Hpc-BF during occlusion in saline-injected rats and 10, 30, and 100 g/kg nicotine-injected rats were 16.4Ϯ1.6 (nϭ6), 16.1Ϯ1.2 (nϭ6), 20.5Ϯ2.8 (nϭ6), and 25.6Ϯ9.1% (nϭ5), respectively (Fig. 4E ). Ten micrograms per kilogram of nicotine had no significant effect, but 30 and 100 g/kg of nicotine slightly but significantly attenuated the decrease in Hpc-BF during occlusion. Increased MAP levels during occlusion in saline-injected rats and 10, 30, and 100 g/kg nicotine-injected rats were 150Ϯ24 (nϭ6), 171Ϯ8 (nϭ6), 151Ϯ24 (nϭ6), and 162Ϯ29% (nϭ5), respectively (Fig. 4F) . No significant differences were found in increased MAP levels in either saline-or nicotine-injected rats.
The responses after the removal of the occlusion of Hpc-BF, including the first increase and the subsequent late decrease, were not significantly affected by a nicotine injection (data not shown). Figure 5A -C shows representative pictures of coronal sections (6 m thickness) from the hippocampal CA1 region in a normal control rat ( Fig. 5A ) and in 2 other rats ( Fig. 5B and C) prepared on the 5th day after an intermittent transient occlusion for a total of 6 min, with pretreatment of either saline (Fig. 5B ) or nicotine (30 g/kg, Fig. 5C ). In each rat, 2 serial sections were prepared for staining with HE (Aa,b, Ba,b, and Ca,b) and GFAP (Ac, Bc, Cc) for distinguishing neurons from astrocytes. GFAP immunoreactivity increased after arterial occlusion. Pretreatment with 30 g/kg nicotine attenuated the neuronal damage and the astrocytic response in the hippocampal CA1 region following arterial occlusion (compare Fig. 5B with C). Figure 6 summarizes (1) neurons undamaged in CA1 in the control rats without occlusion (nϭ10) (Fig. 6A) , (2) a decrease in the numbers of remaining CA1 neurons undamaged on days 5 and 7 after occlusion with preinjection of saline ( Fig. 6B and C) , and (3) the effect of nicotine (10, 30, and 100 g/kg) on the neurons undamaged in CA1 when examined on days 5 and 7 after intermittent occlusion for a total of 6 min ( Fig. 6B and C) . On day 5 after occlusion, as shown in Fig. 6B , the numbers of remaining CA1 neurons undamaged in rats with a preinjection of saline Effects of Nicotine on Hpc-BF and Ischemic Damage /kg, B, D) . E, F: Summarized data of the effects of the pretreatment of nicotine (10-100 g/kg) on Hpc-BF (E) and MAP (F) during the intermittent occlusion for a total of 6 min, calculated as shown in Fig. 1G . Each column and vertical bar represents a meanϮSD in the saline (nϭ6), 10 g/kg of nicotine (nϭ6), 30 g/kg of nicotine (nϭ6), or 100 g/kg of nicotine (nϭ5) injected groups. * pϽ0.05, ** pϽ0.01; significantly different from the saline-pretreated group by a Mann-Whitney U test. No significant difference is indicated by n.s. and a preinjection of nicotine at 10, 30, and 100 g/kg were 233Ϯ90 (nϭ10), 226Ϯ192 (nϭ10), 357Ϯ157 (nϭ10), and 428Ϯ163 (nϭ10), respectively. The numbers of remaining CA1 neurons undamaged following occlusion increased significantly with pretreatment of 30 and 100 g/kg of nicotine.
The effect of nicotine on delayed neuronal death in the CA1 region following intermittent transient occlusion of bilateral common carotid arteries besides permanent ligation of bilateral vertebral arteries
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On day 7 after occlusion, as shown in Fig. 6C , the numbers of remaining CA1 neurons undamaged in rats with preinjection of saline and with preinjection of nicotine at 30 and 100 g/kg were 201Ϯ106 (nϭ10), 466Ϯ241 (nϭ10), and 428Ϯ177 (nϭ10), respectively. The numbers of remaining CA1 neurons undamaged following occlusion increased significantly with pretreatment of 30 and 100 g/kg nicotine. The improvement of the remaining CA1 neurons undamaged after occlusion by nicotine was similar when measured on days 5 and 7 after occlusion.
DISCUSSION
Nicotine has been demonstrated to increase regional cerebral blood flow when injected intravenously, especially in the cortex, independent of MAP [6, 15, 16] . Furthermore, the present study demonstrated for the first time that I.V. injection of a small amount of nicotine (30 g/kg) increased Hpc-BF, independent of MAP, in anesthetized rats. These findings are in agreement with the findings that the activation of nAChRs is involved in vasodilation in the cortex and hippocampus elicited by excitation of intracranial cholinergic fibers originating in the NBM and septal complex in the basal forebrain and projecting to the cortex and hippocampus (see reviews by Sato and Sato [1, 2] ). Vasodilation in the cortex following the I.V. injection of nicotine (30 g/kg) without effect on MAP was suggested by Uchida et al. [6] to be caused by stimulating the nAChRs in the NBM per se and in the cerebral cortex. It is possible that the vasodilation of the hippocampus by an I.V. injection of a small dose of nicotine, independent of MAP, was elicited by exciting the nAChRs in the hippocampus and septum.
Since the original works by Kirino [7] and Pulsinelli et al. [8] , the delayed neuronal death of CA1 neurons in the hippocampus following transient ischemia of the brain has been repeatedly confirmed. Transient ischemia of the brain has long been produced by transient occlusion of bilateral common carotid arteries in gerbils [7] or by transient occlusion of bilateral common carotid arteries plus permanent closure including electrocoagulation of bilateral vertebral arteries in rats [8] . We improved the methods for Wistar rats by (1) ligating bilateral vertebral arteries permanently at the 6th cervical level and (2) occlud-ing bilateral common carotid arteries intermittently and transiently. That is, we repeated each occlusion for 2 min, 2-4 times, with 2-min intervals. The merits of our two modifications are as follows: (1) The original methods in rats had major problems in producing complete electrocoagulation of the bilateral vertebral arteries at the level of the first cervical vertebra, as being pointed out [17] [18] [19] . However, we solved this problem by directly ligating the bilateral vertebral arteries at the level of the 6th cervical vertebra before entering the vertebral bone. (2) The present preparation of our intermittent and transient occlusion of arteries seems to be beneficial for verifying the effects of vasodilative agents in improving the degree of decrease in Hpc-BF during occlusion, since the agents in blood can reach the brain by the intermittent recovery of decreased blood flow during intermittent occlusion.
The delayed neuronal death of CA1 neurons found by Kirino [7] and Pulsinelli et al. [8] was confirmed by the present occlusion to occur starting 3 d after the occlusion and reaching the maximum on days 4, 5, and 7 after occlusion. It was possible to change the degree of cell death by changing the period of occlusion, that is, the longer the occlusion, the more death of cells. The decrease in Hpc-BF during transient ischemia has been measured by Pulsinelli et al. [20] , Suzuki et al. [21] , and Kuroiwa et al. [22] , and in these studies the decrease ranged from 3 to 18% of the control flow. We also assessed Hpc-BF continuously and quantitatively during occlusion, and Hpc-BF was reduced to about 16% of the resting control flow during occlusion. This decrease in Hpc-BF is within the range of the values reported in previous studies [20] [21] [22] .
In the present study, pretreatment with nicotine 5 min before occlusion attenuated the decrease in Hpc-BF during occlusion and reduced delayed death of CA1 neurons in the hippocampus 5 to 7 d after occlusion. This result suggests a protective effect of nicotine against the delayed death of CA1 neurons following transient ischemia. The effective doses of I.V. nicotine for an improvement of the degree of decrease in Hpc-BF and delayed neuronal death of CA1 neurons are in the same order, that is, 30 and 100 g/kg, suggesting that nicotine-induced attenuation of the decrease in Hpc-BF following occlusion can protect against ischemia-induced delayed death of hippocampal CA1 neurons (Fig. 7) . The Hpc-BF responses after the removal of occlusion, including the first increase and the subsequent decrease, initial hyperemia, and delayed hypoperfusion, respectively, reported by Pulsinelli et al. [20] , were not significantly affected by nicotine injection in the present experi-ment. Since the magnitude of hyperemia was quite large, hippocampal blood vessels may already be maximally dilated without nicotine, so there might be little capacity for additional dilation by nicotine. Delayed hypoperfusion started to develop more than 10 min after the removal of occlusion-more than 25 min after the bolus I.V. injection of nicotine-and the vasodilatory effect of nicotine seems to disappear.
The neuroprotective effect of systemic administration of nicotine was reported by Nanri et al. [23] . They demonstrated in gerbils that an I.P. injection of 300 g/kg of nicotine 30 min before ischemia significantly attenuated ischemia-induced death in CA1 hippocampal neurons and suggested a direct protective effect of nicotine on CA1 neurons based on a previous study by Akaike et al. [24] . Akaike et al. [24] reported nicotine-induced protection of rat-cultured cortical neurons against N-methyl-D-aspartate receptormediated glutamate cytotoxicity. Later, Semba et al. [25] also found nicotine-induced protection in rat-cultured hippocampal neurons.
At this moment we cannot rule out a possible direct protective effect of nicotine on CA1 neurons, but we strongly suggest the possibility of an indirect protective effect of nicotine on CA1 neurons following transient ischemia by preventing severe ischemia based on the present results.
Although we stimulated nAChRs by using a nAChR agonist in the present study, the activation of nAChRs by endogenously released ACh from cholinergic vasodilative nerve fibers originating in the basal forebrain and projecting to the hippocampus and cerebral cortex [1, 2] may help protect neurons from ischemia-induced delayed neuronal death in a way similar to that found in the present study.
